For the [Cr 2 (H 2 tmp) 2 Cl 4 ] compound, simplified models with two bridging methoxo ligands have been studied. The influence of the bridging Cr-O-Cr bond angles on the exchange coupling between metal atoms in the model compound has been analyzed by means of density functional calculations with the broken-symmetry approach. Coupling constant calculated for the full structure is in good agreement with the experimentally reported value, confirming the validity of the computational strategy used in this work to predict the exchange coupling in a family of related dinuclear Cr(III) compounds. The calculations indicate a good correlation between the calculated coupling constant and the sum of the squared energy gap of three pairs of metal t 2g OMSOs with a limited variation of the Cr-O-Cr angle. The spin density distribution and the mechanism of magnetic coupling interactions are discussed.
Introduction
The exchange interactions between the molecular fragments carrying a localized spin has been of considerable interest in the field of theory of magnetism. This interest has also been greatly spurred by the search for the spin arrangements of single molecular magnets in which the magnetic coupling occurs between transition metal ions in a complex with various ligand environments. 1, 2 Recently, the brokensymmetry density functional theory (BS-DFT) approach 3 has been mostly used for investigations of magnetic exchange coupling constants (J ) in dinuclear and polynuclear transition-metal complexes because these methods have proven to give good numerical estimates of J values. 4 We have studied the exchange coupling in methoxobridged Cr(III) compounds by analyzing the influence of the specific change in the [Cr(μ-OCH 3 ) 2 Cr] 4+ core geometry on the coupling constant. Unlike the electronically simple copper(II) dimers having only one unpaired electron localized on each metal center, the chromium(III) dimers in which each Cr 3+ ion bears three unpaired d electrons present an ideal example for the study of the structure-magnetism relations. In this study, we have calculated J values on the full size and simplified model compounds shown in Figure 1 by using the BS-DFT approach and examined the magnetostructural correlations for Cr-O-Cr angle distortions found in this system.
Computational Details
Since the computational methodology adopted in this work has been described in detail elsewhere, 5 it will be only briefly reviewed here. Assuming the Heisenberg spin Hamiltonian is defined as H = −J S 1 •S 2 to describe the exchange coupling in a dinuclear compound, where J is the coupling constant, and S 1 and S 2 the local spins on centers 1 and 2, respectively, the coupling constant J can be evaluated from the calculated energies of the high-spin and broken-symmetry states according to the following expression:
where S is the total spin for the high-spin state and E BS and E HS are the calculated energies for the broken-symmetry (BS) and high-spin (HS) states, respectively. The brokensymmetry approach has been employed to describe the unrestricted solutions of the antiferromagnetic singlet spin states.
The hybrid B3LYP method 6 has been used in all calculations as implemented in Gaussian03 program, 7 mixing the exact Hartree-Fock exchange with Becke's expression for the exchange functional 8 and using the Lee-Yang-Parr correlation functional. 9 Double-ζ quality basis sets 10 have been employed for all atoms except for the Cr atom, for which a triple-ζ basis set 11 with two extra p orbitals (polarization functions) has been used. No molecular optimization has been done, with the full experimental geometry of the dimeric complex used for the calculations. Throughout the calculations all bond lengths were fixed. We systematically varied the Cr-O-Cr bridging angle in the model complex, keeping all other angles constant at the values in the full structure.
Structure Description
The geometry of the dimeric complex [Cr 2 (H 2 tmp) 2 Cl 4 ] (Figure 1a ) was obtained from X-ray crystallographic data. 12 The positions of the hydrogen atoms are available in the crystal structure data. We use the notation of H 3 tmp for the tripodal ligand 1,1,1-tris(hydroxymethyl)propane. Selected bond lengths and angles are given in Table 1 . The structure consists of two Cr(III) ions linked by two singly deproto- Figure 1b . The positions of heavy atoms (C, O, Cl, Cr) have been selected to be the same as in the full size structure.
Results and Discussion
The results of the calculations of the exchange coupling constants between Cr(III) centers in the dinuclear chromium complex along with available experimental data are summarized in Table 2 . An exchange coupling constant, J = -7.5 cm -1 , has been obtained from calculations on the full size complex in which the metal ions present distorted octahedral coordination environments (Figure 1a) . We have used in our calculations the molecular structure as determined experimentally by X-ray diffraction rather than an optimized one, since small changes with respect to the experimental structure could result in significant deviations of the calculated coupling constant. The calculated J value is in a fairly good agreement with the experimental value. It is evident that there is a weak antiferromagnetic superexchange interaction between the two chromium(III) centers in the dimer com- Influence of the Cr-O-Cr bridging angle on the exchange coupling. We have found in Table 2 that the difference between the coupling constants computed employing the full size structure and its simplified model geometry is small, with the deviation of 1 cm
. Therefore, it is possible to use simplified model structures of the dinuclear chromium complex without affecting the magnetic coupling between the Cr(III) centers. The success of this methodology indicates that only the closest environment of the Cr(III) centers have significant effects on their electronic structure due to a localized nature of the unpaired electron orbitals.
For the geometrical arrangement of the [Cr(μ-OCH 3 ) 2 -Cr]
4+ core in the model complex consisting of two edgesharing octahedrally coordinated Cr(III) centers only the Cr-O-Cr angle (ϕ) has been varied between 82 o and 107 o with the other structural parameters unchanged. The calculated coupling constant J and the relative energy of each geometry are shown in Table 3 . It is important to note that the minimum energy for each of the broken-symmetry and highspin states corresponds to a Cr-O-Cr angle of ca. (Table 3) , since only energy less than 5 kcal/mol is needed to produce such a distortion. This result is in good agreement with the fact that experimental structures present Cr-O-Cr angles within this range of values.
Qualitative orbital model. The aforementioned magnetostructural correlation has also been analyzed by means of the qualitative molecular orbital model proposed by Hoffmann and co-workers 14 in order to find the electronic factors that govern it. According to the theoretical analysis presented by these authors, in a dinuclear complex with two unpaired electrons described by the singly occupied molecular orbitals (SOMOs), the coupling constant expressed as the singlettriplet energy separation (J) can be approximated by eq. (2). 
Here, e 1 and e 2 are the SOMO energies of the complex in the triplet state, K ab is the exchange integral between the magnetic orbitals a and b representing the two spin sites , and J aa and J ab are the corresponding Coulomb integrals. The first term (2K ab ) is positive and can be considered the ferromagnetic contribution to the exchange coupling, responsible for the stability of the triplet state, whereas the second term is negative and represents the antiferromagnetic contribution favoring the singlet state. Only when the second term is zero or negligible, the ferromagnetic behavior is predominant. The antiferromagnetic contribution to the coupling constant should be proportional to the square of the energy gap, (e 1 − e 2 ) 2 , of pairwise MO's derived from the magnetic orbitals. Assuming that the two-electron terms (K ab , J aa , and J ab ) are approximately constant for a given magnetic system, changes in the coupling constant are usually interpreted as reflecting the variations in the energy difference between the pairwise MO's bearing the unpaired electrons.
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For the present case of three spins per spin site, it can be seen that the linear relation predicted by Hoffmann and coworkers holds for the dimethoxo-bridged dinuclear Cr(III) models studied here if the occupied magnetic spin-orbitals (OMSOs) in the high-spin state 16 are considered. As in the case with one unpaired electron, a practically linear correlation exists between the calculated J and the sum of the squares of the orbital energy gap in the high-spin state (see Figure 3a) . Usually, the antiferromagnetic contributions to the exchange coupling from the crossed terms involving different magnetic orbitals in each metal ion are considered negligible with respect to the stronger antiferromagnetic contributions. 17 When the magnetic orbitals are different in symmetry and shape, the overlap between them is zero or negligibly small. In octahedral Cr(III) systems the three unpaired electrons are occupying the t 2g orbitals. We have thus considered only three contributions that are related to the energy gap of the pairs of OMSOs that contain the symmetric and antisymmetric combinations of the three t 2g magnetic orbitals of each metal ion in the model compound. The calculated gaps are presented in Table 4 . The result shows that the antiferromagnetic terms can be traced to the separate contributions of the x (Figure 3b) . Such results indicate that the structural dependence of the exchange coupling in the presently studied Cr(III) complexes is practically governed by the energy split of the pairwise x 2 -y 2 OMSOs. Spin population analysis. In order to explore the magnetic exchange mechanism in the Cr(III) dimers, the net spin populations reduced on individual atoms are analyzed. The spin populations calculated for the high-spin (HS) and broken-symmetry (BS) states of the full structure are listed in Table 5 . The plus and minus signs indicate α and β spin states, respectively. In the HS state, the spin populations on Cr atoms are 2.9638 while the spin populations on other atoms are all very small, demonstrating the delocalization of a small part of spin densities from Cr atoms to peripheral atoms. The equatorial atoms around Cr-including O(5), O(6), Cl(11), Cl(12), Cl (13) , and Cl (14)-have small positive spin populations, suggesting a predominant effect of the spin delocalization from Cr(3) and Cr(4). In contrast, for the axially coordinating ligand bridges around Cr, the spin polarization from the Cr centers leads to negative spin populations on O(7), O(8), O(9), and O(10).
On the other hand, in the BS state Cr(3) and Cr(4) have opposite spin populations. The O(9) and O(10) atoms have β spin populations due to the spin polarization of Cr (3) with α spin population, while the O(7) and O(8) atoms have α spin populations due to the spin polarization of Cr(4) with β spin population. However, the bridging atoms O(5) and O(6) indicate the spin delocalization from the magnetic centers Cr(3) and Cr(4), respectively, and the terminal Cl(13) and
Cl (14) atoms have α spin populations due to the spin delocalization from the Cr(3) center and the Cl (11) and Cl (12) have β spin populations due to the spin delocalization from the Cr(4) center. Thus the spin population analysis for the BS state further confirms the magnetic exchange mechanisms deduced from the HS state. In connection with the superexchange pathway of this compound it should be pointed out that though the spin delocalization occurs between the Cr and the bridging methoxo oxygen atoms, there is a spin polarization interaction between the Cr and the axial bridge oxygen. The magnetic exchange coupling between the Cr(III) centers can be mediated by the methoxo oxygen and the more extended O-C-C-C-O network (see Figure 1a) . We suspect that the latter pathway is an inefficient route for the enhanced magnetic communication between Cr(III) ions, because the spin polarization mechanism may cause the weak magnetic exchange interaction between the two Cr(III) centers. The dependence of the spin populations on Cr(III) centers on the Cr-O-Cr bridging angle ranging from 82.8 o to 106.9 o for the model compound in the high-spin state is shown in Table 6 . From Table 6 the unpaired electrons of magnetic Cr(III) ions are partially delocalized to bridging oxygen atoms. This leads to smaller spin populations on the chromium ions and larger spin populations on the two bridging oxygen atoms with smaller Cr-O-Cr angles. This result can be easily rationalized using the theory of Kahn and Briat.
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The reinforcement of antiferromagnetic interactions on decreasing the bridging angle implies the increase of delocalization of the unpaired electrons on magnetic centers toward bridging ligands and hence the decrease of the spin populations on Cr(III) ions. Obviously, spin density distributions through bridging methoxo groups are in agreement with the prediction of spin delocalization medel. -y 2 magnetic orbitals is responsible for the correlation between the coupling constant J and the bridging angle and the antiferromagnetic coupling through methoxo groups is mainly due to spin delocalization effect.
